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Introduction
Late-transition metal complexes containing donor-functionalized N-heterocyclic carbene (NHC) ligands have found diverse applications in homogeneous catalysis.
1 Certain iridium NHC complexes were found to catalyze the hydrogenation of hindered alkenes 2 and the Oppenauer-type oxidation of alcohols 3 with exceptional turnover numbers (TON) and turnover frequencies (TOF). Key factors that explain the success of these catalysts include their robustness, the coordination versatility of the pendant donor group of the functionalized NHC ligand, and their structural features that favor metal-ligand co-operativity. 1a, 1c We began our studies in the use of an N-heterocyclic carbene ligand (C-NH2) with a tethered primary amine group in late-transition metal bifunctional catalysts for the hydrogenation of polar double bonds, which utilizes the co-operative action of the M-H and the N-H groups. 4 In transmetalation reactions, nickel(II) complex 1, 5 [Ni(C-NH2)2](PF6)2, transfers its C-NH2 ligand to half sandwich ruthenium(II) [5] [6] and iridium(III) complexes 2a, 2b and 2c (Figure 1 ), 7 giving active catalysts for the hydrogenation of ketones and esters with high turnover numbers and turnover frequencies. 6a,8 Our studies of the action of the iridium(III) catalyst 2a suggested that catalysis proceeds via a neutral iridium(I) hydride-amine complex in an alcohol-assisted bifunctional mechanism (Scheme 1). 7 On the other hand, the cationic hydride-amine complex 2c does not react with a ketone in a stoichiometric reaction in the absence of an alkoxide base. We attributed the poor reactivity of such cationic hydride complexes to the diminished nucleophilicity of the hydride ligand towards the electrophilic carbonyl group of a ketone. 6b, 7 Cross and co-workers reported the catalytic hydrogenation of ketones by hydrogen transfer from isopropanol at reflux using the amido complex 2d in the presence of an alkoxide base; 9a rates were slow compared to the complexes described in the present work.
Iridium cyclooctadiene complexes containing an unfunctionalized NHC ligand also are active as transfer hydrogenation catalysts. There are few examples of iridium catalysts that contain a chelating phosphine-amine (P-NHR) ligand reported for the hydrogenation of ketones using 2-propanol or hydrogen as the hydrogen source ( Figure  2 ). 10 We believed that the replacement of the phosphine donor in the P-NHR ligand on iridium by an NHC donor could lead to more active catalysts for ketone hydrogenation using hydrogen gas. In fact, this has been achieved for iridium catalysts containing a tethered oxazoline donor for stereoselective hindered alkene hydrogenation ( Figure 2 ). 2 Here we report our studies into the synthesis and reactivity of iridium(I) complexes containing a C-NH2 ligand. The first structure of an octahedral complex of iridium(III) containing a Ir-H and N-H group with such a chelating ligand is also described here. Of particular interest is the catalytic activity of all of these complexes for ketone and hindered alkene hydrogenation. Iridium catalysts for the hydrogenation of ketones and hindered alkenes that contain a chelating phosphine-amine (P-NHR) or a functionalized-NHC ligand.
Results and Discussion
Synthesis of iridium(I) complexes 3 and 4. The iridium(I) complex containing the C-NH2 ligand, [Ir(C-NH2)(cod)]PF6 (3·PF6), was synthesized by a transmetalation reaction of the nickel(II) complex 1 with [Ir(cod)Cl]2 in refluxing acetonitrile solution. 5 The subsequent work-up in dichloromethane (CH2Cl2) afforded the title complex in 70% yield as a yellow powder (Scheme 2). The solid state structure of 3·PF6·0.5CH2Cl2 shows a square planar geometry about the iridium(I) center with coordinated 1,5-cyclooctadiene (cod) and the C-NH2 ligands (Figure 3) . The Ir-C(cod) bond distance measured from the centroid of the olefin that is trans to the NHC donor (Ir(1a)-cod(trans to C)cent, 2.068 Å) is longer than the one trans to the amine donor (Ir(1a)-cod(cis to C)cent = 1.984 Å) as a result of a stronger trans influence of the carbene compared to an amine group, as expected.
11 The Ir-C(carbene) distance of 3·PF6 (Ir(1a)-C(1a) = 2.048(9)Å) is in the expected range.
12 In dichloromethane-d2 solution, the carbene carbon (IrCcarbene) was observed as a singlet at 177.6 ppm in its 13 C{ 1 H} NMR spectrum.
We also prepared an analogous complex with a tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BAr F ) ion 3·BAr F by counter-anion metathesis of 3·PF6 with NaBAr F in CH2Cl2 (Scheme 2). The identity of the complex was established by the presence of a singlet at -62.9 ppm (for the BAr F anion) and the absence of a doublet at -72.6 ppm (for PF6 anion) in its 19 F NMR spectrum recorded in dichloromethane-d2. Of note, the very weak coordination of the BAr F anion to metal ions makes it ideal for use as the counterion in iridium(I) complexes for the efficient hydrogenation of hindered alkenes. 11b, 13
Scheme 2. Synthesis of Iridium Complexes 3 and 5 Containing a C-NH2 Ligand
For comparison, we synthesized a phosphine-amine complex of iridium(I), [Ir(P-NH2)(cod)]PF6 (4), by a reaction of 2-(diphenylphosphino)benzylamine (P-NH2) 14 and [Ir(cod)Cl]2 in the presence of a stoichiometric amount of AgPF6 in a mixture of CH2Cl2 and acetonitrile (CH3CN) solution (in 6:1 ratio, Scheme 3). This was also characterized by 1 H, 13 C{ 1 H} and 31 P{ 1 H} NMR spectroscopies and an X-ray diffraction study (Figure 4 ). The spectral data of 4 is similar to analogous complexes reported in the literature. Addition of hydrogen chloride to the iridium(I) complex 3·PF6. We further explored the reactivity of the iridium(I) complex 3·PF6 containing the C-NH2 ligand. The addition of an excess of hydrochloric acid (HCl) in diethyl ether to a solution of 3·PF6 in tetrahydrofuran (THF) at 25˚C afforded two isomers containing an iridium hydride, as identified by 1 H and 13 C NMR spectroscopy. The characteristic Ir-H resonances of the product mixture in THF-d8 were observed at -12.48 and -14.61 ppm. The optimum reaction condition 15 was the slow addition of exactly 1 equiv of HCl (0.01 M) to a dilute solution (2 -3 mM) of 3·PF6 in THF at -78˚C. This gave over 90% of the iridium(III) hydridochloride complex, [IrHCl(C-NH2)(cod)]PF6 (5), containing a major hydride peak at -14.61 ppm in THF-d8 upon isolation from the reaction mixture (Scheme 2). We have also attempted to prepare the same complex by a transmetalation reaction of [IrHCl2cod]2 16 with 1 equiv. of nickel(II) complex 1 in refluxing acetonitrile solution. This, however, gave an approximately equal amount of the two isomers upon isolation of the product (see the experimental section).
Interestingly, the major isomer of the hydridochloride complex 5 slowly isomerizes at 25ºC (up to 5 days) to the other isomer, resulting in about 1 to 1 ratio in acetonitrile-d3, THF-d8 or dichloromethane-d2 solutions. The isomerization reaction can be sped up to within 24 h by heating the solution at 40ºC under an argon atmosphere, giving the same ratio of the two isomers, as identified by 1 H NMR. Heating such sample longer did not affect the relative ratios of the two isomers in solution.
We have also prepared the deuteride complex 5-d1 by the reaction of DCl (97.5% atom D) with 3·PF6 using the same reaction conditions as with the preparation of 5 (Scheme 2). Partial deuteration (~ 60 -70%) of the hydride ligand in the major isomer was observed in THF-d8 by 1 H NMR. Isomerization of the major isomer and H/D exchange of the deuteride ligand occur upon heating the NMR sample at 40ºC under argon. This gave about 1 to 1 ratio of the isomers, judging from the integration ratio of the hydride peaks in its 1 H NMR spectrum, and about 50% of the hydride ligands of both isomers were partially deuterated.
Slow diffusion of diethyl ether into a saturated solution of 5 in THF afforded single crystals of 5-cis-HCl ( Figure 5 ). The octahedral complex contains a hydride ligand that is trans to the amine group of the C-NH2 ligand. The carbene, amine, and hydride donors are coordinated to the iridium center in a meridional fashion. The hydride position of 5-cis-HCl was located and refined during structural determination; the Ir-H distance was thus determined to be 1.64(6) Å. This is longer than those of the few octahedral complexes containing an IrH(NHC) 2+ motif 17 where the hydride ligand was located in the solid state structure. There are other well-defined structures obtained by C-H bond activation of the NHC ligand, 18 or oxidative addition of a H-X group, 19 yet the hydride position was not located. The carbene ligand has a stronger trans influence compared to a chloride ligand, judging from the Ir-C(cod) bond distance measured from the centroid of the olefin that is trans to the donor ligand, as expected (Ir(1)-cod(trans to C)cent, 2.159 Å, Ir(1a)-cod(cis to C)cent = 2.066 Å). Attempts to obtain spectroscopic data from the single crystals by NMR were not successful, as a one to one ratio of the isomers was always observed in various NMR solvents upon dissolution of the crystals. Table S1 in Supporting Information.
Our studies used the restricted hybrid mPW1PW91 21 functional where iridium was treated with the SDD 22 relativistic effect core potential (ECP) and an associated basis set. They show that the computed structure 5-iso-e has a similar free energy and enthalpy (within 0.2 kcal/mol difference) to 5-iso-a (5-cis-HCl) (see Table 1 ). The structure of 5-iso-e has cis-H-Ir-NH2 and trans-H-Ir-Cl groupings. Calculations using the M06 23 functional where iridium was treated with the SDD relativistic ECP and an associated basis set gave a similar trend in energies, within the error of the methods (Table 1) . It is worth pointing out that an isomer containing a trans-H-Ir-Cl group was often obtained as the major product in the addition reaction of hydrogen halides to square-planar iridium(I) complexes with phosphines and diene ligands. 24 The geometric parameters of the computed structure 5-iso-a are very similar to those of 5-cis-HCl for the range of functionals that were used (see Tables S1 and S2 in the Supporting Information). Our computational studies provide evidence for the identities of the two isomers that were observed in the addition reaction of HCl to complex 3·PF6. It has been proposed that the addition of HX (X = halides) to square-planar iridium(I) complex containing phosphine ligands proceed by an ionic mechanism: the halide anion first attacks the metal center, follow by protonation of a five-coordinate intermediate. 24 If the addition of chloride anion and a proton to complex 3·PF6 were to occur in a cis-fashion, 24c, 25 this would give complexes 5-cis-HCl and its isomer 5-cis-iso-HCl. These correspond to the computed structures 5-iso-a and 5-iso-b, respectively. The formation of 5-cis-iso-HCl is unfavourable based on thermodynamic grounds, as evident from our calculations (Table 1) . Complex 5-cis-HCl, on the other hand, can slowly isomerize to 5-trans-HCl (Scheme 4). This corresponds to the model complex 5-iso-e. As the computed structures 5-iso-a and 5-iso-e representing 5-cis-HCl and 5-trans-HCl are very similar in free energies and enthalpies, it appears the two complexes can co-exist in solution. The spectroscopic data obtained for the product mixture from the addition reaction, however, are insufficient to assign the proper identities of the two isomers. (Table 2) . Complex 3·PF6 catalyzed the hydrogenation of acetophenone to full conversion in 10 min under 25 bar of H2 pressure at 50°C in THF in the presence of potassium tertbutoxide (KO t Bu) as the base, with a catalyst to substrate (C/S) ratio of 1/200 (entry 1). This has activity superior to complexes 2a and 2b under similar reaction conditions, 7 and better than that of the phosphineamine complex 4 (TOF = 144 h -1 , entry 5). At a lower hydrogenation pressure and temperature with 3·PF6, full conversion was achieved in 1 h with a TOF value of 543 h -1 (entry 2). When reactions were carried out at a higher substrate loading (C/S = 1/1500) and at different temperatures (25 or 50°C), the reaction profile plateaus at about 50% conversion of acetophenone to the product alcohol (entries 3 and 4). It is known that the formation of enolate ions slows down catalysis by competing with the coordination of H2 to the metal center in the rate-determining step. 6b, 7, 26 It appears that the high concentration of enolate ions that are formed in these reaction conditions irreversibly depleted the active species that are responsible for catalysis.
Scheme 4 Proposed Reaction Pathway for the Formation of Complex 5 in Solution
The hydride-amine complex 5, which contains a bifunctional Ir-H/N-H pair, was tested for the hydrogenation of acetophenone as well. The catalyst was inactive in the absence of KO t Bu for the hydrogenation of acetophenone (entry 6). The presence of a poor trans influence ligand (amine or a chloride) that is trans to the hydride ligand most likely accounts for the inactivity that was observed. 4a In the presence of 8 equiv of the alkoxide base, on the other hand, complex 5 catalyzed the hydrogenation of acetophenone to 1-phenylethanol in 30 min under 25 bar of H2 and at 50°C in THF. At a lower H2 pressure (8 bar), full conversion was achieved in 1 h with a TOF value of 825 h -1 (entries 7 and 8). Of note, this system has activity higher than those of complexes 2a, 2b and 4 and some other iridium phosphine-amine complexes reported in the literature for the H2-hydrogenation of acetophenone, 
e TOF not measured. f Conversions were determined by 1 H NMR spectroscopy.
Hydrogenation of trans--methylstilbene did not proceed at high H2 pressure (25 bar) when complexes 3·PF6 or 3·BAr F were used as the catalysts in a non-coordinating solvent, dichloromethane (entries 9 and 10). It is known that the steric bulk of the N-substituent at the imidazol-2-ylidene ring in a series of oxazoline functionalized NHC iridium(I) complexes is crucial in determining the catalytic activity in hindered alkene hydrogenation. 2, 13c The less hindered C-NH2 ligand that was used in complex 3 could be responsible for the inactivity that was observed. Of note, cyclooctane was observed in the reaction mixture by 1 H NMR after the reaction was quenched in air. This indicates that the 1,5-dicyclooctadiene ligand was indeed hydrogenated during the course of reaction.
Iridium(I) complexes containing a phosphine and nitrogen-based chelating ligand are efficient catalysts for the hydrogenation of imines, 28 an important industrial process for the preparation of fine chemicals. 29 Complex 3·PF6 catalyzed the hydrogenation of N-(1-phenyl-ethylidene)aniline very slowly in the absence of an alkoxide base and in a non-coordinating solvent, reaching a conversion of 11% to the corresponding secondary amine in 18.5 h (entry 11). Upon activation of the complex by KO t Bu and when the reaction was conducted in THF, this catalyzed the hydrogenation of the ketimine in 9% conversion in 7 h (entry 12). We previously reported a related ruthenium(II) catalyst containing such a C-NH2 ligand for the hydrogenation of the same ketimine under milder reaction conditions. 6a
Conclusions
We have reported the synthesis of a square-planar iridium(I) complex containing a C-NH2 ligand (3·PF6) by a transmetalation reaction starting from nickel(II) complex 1, [Ni(C-NH2)2](PF6)2, and [Ir(cod)Cl]2. An addition reaction of HCl with 3·PF6 afforded a mixture of two isomers of iridium(III) hydridochloride complex 5. One of the isomers, 5-cis-HCl, was structurally characterized, and it was found to have a rare geometry containing trans-H-Ir-NH2 and cis-H-Ir-Cl groupings. The identity of the isomers of complex 5 was supported by computational studies, but the spectroscopic data is insufficient to definitively assign the structure of each of the isomers.
Iridium complexes 3 and 5 were tested in the hydrogenation of unsaturated bonds. They are catalysts in the H2-hydrogenation of acetophenone, with superior activity in comparison to their phosphine-amine analogue, complex 4, and to the half sandwich complexes 2a and 2b containing such a C-NH2 ligand. However, complex 3 was ineffective as a catalyst for the hydrogenation of a hindered alkene. We attribute this to the presence of a less-hindered C-NH2 ligand in comparison to the more active iridium NHC complexes with larger substituents on the nitrogen. 
Experimental Section
Synthesis. All of the preparations and manipulations, except where otherwise stated, were carried out under a nitrogen or argon atmosphere using standard Schlenk-line and glovebox techniques. Dry and oxygen-free solvents were always used. The synthesis of bis[1-(2-aminomethylphenyl)-3-methylimidazol-2-ylidene]nickel(II) hexafluorophosphate ([Ni(C-NH2)2](PF6)2, 1) has been reported previously. 5 The syntheses of [IrHCl2(cod)]2 16 and 2-(diphenylphosphino)benzylamine (P-NH2) 14 were reported in the literature. The iridium(I) dimer, [Ir(cod)Cl]2, was purchased from Strem Chemicals. All other reagents and solvents were purchased from commercial sources and were used as received. Deuterated solvents were purchased from Cambridge Isotope Laboratories and Sigma Aldrich and degassed and dried over activated molecular sieves prior to use. NMR spectra were recorded on a Varian 400 spectrometer operating at 400 phosphoric acid as an external reference. All infrared spectra were recorded on a Nicolet 550 Magna-IR spectrometer. The elemental analysis was performed at the Department of Chemistry, University of Toronto, on a Perkin-Elmer 2400 CHN elemental analyzer. Samples were handled under argon where it was appropriate.
Synthesis of [1-(2-Aminomethylphenyl)-3-methylimidazol-2-ylidene]( 4 -1,5-cyclooctadiene)-iridium(I) Hexafluorophosphate ([Ir(C-NH2)(cod)]PF6, 3·PF6).
A Schlenk flask was charged with 1 (67 mg, 0.093 mmol) and [Ir(cod)Cl]2 (62 mg, 0.092 mmol). Dry acetonitrile (12 mL) was added to the reaction mixture, and it was refluxed under an argon atmosphere for 2.5 h until a deep brown solution was obtained. The solvent was evaporated under reduced pressure, and the residue was extracted with dichloromethane (4 mL) and filtered through a pad of Celite under a nitrogen atmosphere. Addition of pentane (12 mL) to this solution afforded a yellow precipitate. This was collected on a glass frit, washed with pentane (1 mL) and dried in vacuo. Yield: 82 mg, 70%. Suitable crystals for an X-ray diffraction study were obtained by slow diffusion of diethyl ether into a saturated solution of 3·PF6 in dichloromethane under a nitrogen atmosphere. P-NH2)(cod)]PF6, 4) . A scintillation vial with a threaded screw cap was charged with [Ir(cod)Cl]2 (45 mg, 0.067 mmol), 2-(diphenylphosphino)benzylamine (41 mg, 0.13 mmol) and silver hexafluorophosphate (34 mg, 0.13 mmol). Upon dissolution of the solids in a mixture of dichloromethane (12 mL) and acetonitrile (2 mL), the colour of the solution turned from orange to red along with the formation of a white precipitate. The reaction mixture was stirred for 2 h at 25°C. After the reaction has gone to completion, the reaction mixture was filtered through a pad of Celite, and the volume of solvent was reduced (1 mL). Addition of diethyl ether (12 mL) to this solution afforded an orange-red precipitate, which was filtered and dried in vacuo. Yield: 56 mg, 57%. Suitable crystals for an X-ray diffraction study were obtained by slow diffusion of diethyl ether into a saturated solution of 4 in dichloromethane under a nitrogen atmosphere.
1 H NMR (CD2Cl2, ): 7.58 -7.51 (m, Ar-CH of PPh2, 4-CH and 5-CH of Ph, 12H), 7.41 (m, 3-CH of Ph, 1H), 7.36 (m, 6-CH of Ph, 1H), 4.90 (m, olefinic C-H of codtrans to P, 2H), 4.21 (br, NH2, 2H), 4.14 (m, CH2, 2H), 3.13 (m, olefinic C-H of codtrans to Cl, 2H), 2.28 (m, CH2 of cod, 4H), 2.02 (m, CH2 of cod, 2H), 1.90 (m, CH2 of cod, 2H). 77 (m, CH2 of cod, 1H), 2.57 (m, CH2 of cod, 1H), 2.33-2.26 (m, CH2  of cod, 2H), 2.14 (m, CH2 of cod, 1H), 2.04 (m, CH2 of cod, 1H), 1.89 (m, CH2 of cod, 1H) X-ray Crystal Structure Determination. Single-crystal X-ray diffraction data were collected using a Nonius Kappa-CCD diffractometer with Mo Kαradiation (λ = 0.71073 Å) at 150 K. The CCD data were integrated and scaled using the Denzo-SMN package. The structure was solved and refined using SHELXTL V6.1. Refinement was by full-matrix least-squares on F 2 using all data. Details are listed in Table 3 .
Catalysis. Oxygen-free tetrahydrofuran (THF) used for all of the catalytic runs was stirred over sodium for 2-3 days under argon, and freshly distilled from sodium benzophenone ketyl prior to use. Acetophenone was vacuum distilled over phosphorus pentoxide (P2O5) and stored under nitrogen prior to use. All of the hydrogenation reactions were performed at constant pressures using a stainless steel 50 mL Parr hydrogenation reactor. The temperature was maintained at 25 or 50°C using a constant temperature water bath. The reactor was flushed several times with hydrogen gas at 2-4 bar prior to the addition of catalyst and substrate, and base solutions.
In a typical run (entry 2, Table 2 ), catalyst 3·PF6 (3 mg, 4.7 mol) and acetophenone (114 mg, 0.95 mmol), and potassium tert-butoxide (4 mg, 0.036 mmol) were dissolved in THF (4 mL and 2 mL, respectively) under a nitrogen atmosphere. The catalyst/substrate and base solutions were taken up by means of two separate syringes and needles in a glovebox. The needles were stoppered and the syringes were taken to the reactor. The solutions were then injected into the reactor against a flow of hydrogen gas. The hydrogen gas was adjusted to 8 bar. Small aliquots of the reaction mixture were quickly withdrawn with a syringe and a needle under a flow of hydrogen at timed intervals by venting the Parr reactor at reduced pressure. Alternatively, small aliquots of the reaction mixture were sampled from a stainless steel sampling dip tube attached to a modified Parr reactor. The dip tube was 30 cm in length with an inner diameter of 0.01 inches, and a swing valve was attached to the end of the sampling tube. Other technical details were previously reported. 30 Two small aliquots of samples were thereby withdrawn quickly at timed intervals by opening the swing valve, and the first two aliquots were discarded. All samples for gas chromatography (GC) analyses were diluted to a total volume of approximately 2 mL using oxygenated THF.
A Perkin-Elmer Clarus 400 chromatograph equipped with a chiral column (CP chirasil-Dex CB 25 m x 2.5 mm) with an auto-sampling capability was used for GC analyses. Hydrogen was used as the mobile phase at a column pressure of 5 psi with a split flow rate of 50 mL/min. The injector temperature was 250°C, the FID temperature was 275°C and the oven temperature was 130°C. Retention times (tR/min) for acetophenone: 4.56; (R)-1-phenylethanol: 7.58; (S)-1-phenylethanol: 8.03. Conversions for the hydrogenation of trans--methylstilbene and N-(1-phenyl-ethylidene)aniline were determined by 1 H NMR spectroscopy in CDCl3. All of the conversions were reported as an average of two GC runs. The reported conversions were reproducible.
Computational Details. All density functional theory (DFT) calculations were performed using the Gaussian 09 31 package with the restricted hybrid mPW1PW91 21 or the M06 23 functional along with the use of an ultrafine grid. The latter was shown to give better predictions of geometric parameters in organometallic compounds.
23b, 32 Iridium was treated with the SDD 22 relativistic effective core potential and an associated basic set. All other atoms were treated with the double- basis set 6-31++G** which includes diffuse functionals 33 and additional p-orbitals on hydrogen as well as additional d-orbitals on carbon, nitrogen and chlorine. 34 All geometry optimization were conducted in the gas phase, and the stationary points were characterized by normal mode analysis. Reported free energies were obtained at 1 atm and 298 K using unscaled vibrational frequencies.
34. Frisch, M. J.; Pople, J. A.; Binkley, J. S., J. Chem. Phys. 1984, 80, 3265-3269 .
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